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SUMMARY 

The transfer function between the Fourier amplitudes of 

the central magnetic field and the excitation current has been 

calculated using equivalent magnetic circuit analysis. Reluc- 

tance effects, eddy currents in the laminations, eddy currents 

in the vacuum chamber, and eddy currents in the conductors are 

all included in the calculation. In addition, the impedance 

looking into the conductor terminals has been calculated. 

Results are presented for the Bl and B2 main ring bending 

magnets. Also included is the /Bds around the ring for the 

design distribution of Bl and B2 magnets. 

@ Operated by Universities Research Association Inc. Under Contract with the United States Atomic Energy Commission 
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MAGNETIC CIRCUIT 

Figure 1 indicates the magnet cross section under consid- 

eration. Let b designate the half width of the pole, h the 

half-gap height, p the effective pole height, w the yoke width 

assumed the same in both the top and side yoke, and R the aver- 

age length of the flux path through the top and side yokes. 

The effective pole half width is taken to be b+h. Hence the 

flux density B. in the top and side yoke is given approximately 

by 

f 
b+h 

i 
Hy(x,h)dx = wBo. (1) 

JO 
Recognizing that the flux must be continuous across the boundary 

Y = h, it is reasonable to let 

ing to 

B(y) = ; 
b 

Hy(x,h)dx + 
0 

B in the pole vary with y accord- 

ib Hy(x,h)dx 
I 

. y-h 
i p-h' (2) 

0 

Appendix I indicates that the effect of eddy currents in 

magnet laminations is to introduce a sheet current in the 

z-direction lining the coil window of total amount I iIdR inte- 

grated over the mean path length where for 

A8 iI=%* 
cash h;-1 

sinh Xi 
B, (emu) (3) 

where 6 is the lamination thickness, P the permeability of the 

iron and 
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A2 = 4?rpjo. (emu) (4) 

The conductivity of the iron is c and w is the angular frequency 

with which all magnetic and electrical field quantities are 

assumed to vary. 

Appendix II indicates that eddy currents flowing in the 

vacuum chamber are represented by current sheets flowing in the 

z-direction of amount 

ic (X,Y> = jwsU(x,y) , (emu) (5) 

where U(x,y) is the flux function. The coordinates x and y are 

given values only at the location of the chamber which will be 

assumed rectangular of half width a and half height h. Surface 

conductivity of the vacuum chamber is designated by s. 

One may complete the magnetic circuit description using 

the scalar potential function V(x,y) corresponding to U(x,y) 

and the notion of a mean flux path in the iron. Thus for 

O<x<a and (emu) 

1 TP 
V(xrh) + ii jh 

B(y)dy + ~ R-p+hB P 
o = 2~rN1 - 4~ i h 

iI(y)dy 

(6) 
a h 

- 47~ (R-p+h)iI - 47~ i ic(x,h)dx - 47~ 
i ic (a,y) dy. 

X 0 

For a<x<b + h the terms in ic are dropped. Note that I is the 

excitation current and N the number of turns in the full gap. 

Note also that8i.I = i,(p). 

Appendix III gives the fields to be used in the region of 

the vacuum chamber. Outside the chamber the fields are obtained 
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approximately as follows. First 4nic(a,h) is added to the ver- 

tical field at x = a, y = h. This field is matched to the solu- 

tions within the conductors as given in Appendix IV. In summary 

Appendix III and IV and the continuation condition give 

Hx(x,Y) = 

4 
/ 

t HO 

E 
HyhY) = ( A 

a 
1 

p 2 
‘\, 

lQnCn sinh Q,x sin Q,y 
O<x<a 

lQnCn 

Neglected a<x<b+h (7) 

lQnCn cash Q,x cos Q,Y 

lQnCn 
O<x<a 

sinh P(x-a) + B1 cash P(x-a) a<x<a+c 

sinh P(x-a-c) + B2 cash P(x-a-c) a+c<x<a+2c 
etc., (8) 

where 

P2 = ImJw, (emu) (9) 

Q, tan Q,h = Blrjws, (emu) (10) 

An sinh PC = -q In-(n-l) cash PC] - B1(cosh PC-~), (11) 

Bn = - %(n-1) + B1, (12) 

B1 = Hy(a,h) + 4rjwsU(a,h) (13) 

C \ ( /Q cash Q,a + 4?rjws sinh Q,a$* 
sin2Q,h$, 1 sin Q,h 

n\n a1 + 2Q,h f = ii' Q,h l (14) 
z 

Appendix III gives B1 in terms of Ho, Q,, and Cn. 
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In Eqs. (7-14) oc is the conductivity of the copper conductors, 

c is the horizontal width of the conductor, and H o is the central 

magnetic field. 

The magnetic circuit equations may now be evaluated. For 

x = a, Eq. (6) gives 

I 

h 
V(a,h) f 4njws k+l 

0 
U(a,yWy + T [a-&p-h) (l-$]Bo 

- y(p-h) 
[ 

(Bn +l+...B 
1 n2 

sip"; PC + An +l+...A 
( 1 n2 

= 27rN1, 

(15) 

where the expression in V and U is evaluated in Appendix III and 

nl and n2 are the integer parts of (b-a)/c and (b-a+h)/c. For 

convenience 

k = g . cash + . 
sinh A$ 

The other circuit equation, Eq. (l), becomes 

(16) 

U(a,h) + 
( 
B1+...Bn \sinh PC + /A + 

2 3 P \l 
. ..A 'i l 

cash PC-1 = wB 
n2/ P 0’ (17) 

After using Eqs. (11-13) and rearranging, Eqs. (15) and (17) become 

V(a,h) + 4vjws 
i 

h 
Wa,y)dy 

0 

(k+l)(p-h) n2-"1) (coshPc-1) 
. 

PPb sinh PC [ 
Hy(a,h) + 4rjwsU(a,h) 1 

L” 
(2 2\ + k+l B. = 2?TI N- 

(k+l) (p-h) an2-nli(cosh PC-~) 
lJ PhPb sinh PC 

I 
I 

(18) 
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and 

U(a,h) + 2n (cash PC-~) 
2 P sinh PC Hy(a,h) + $TjwsU(a,h) I 

- wBo = 4TIn2 (cash PC-~) 
2 Ph sinh PC l 

(19) 

Appendix III relates the expressions in U, V, and H to Ho. Thus Y 
Eqs. (18) and (19) provide two linear equations which may be 

solved simultaneously for Ho and B. in terms of I. Thus 

HO 
= TI, (20) 

where T, the transfer function, is obtained by eliminating B. 

from Eqs. (18) and (19). In addition, the sextupole term intro- 

duced by the vacuum chamber may be found by differentiating Eq. 

(8) twice. Thus, using Eq. (20) 

H; =T 
IQ& 

CQnCn I* 
(21) 

AC IMPEDANCE OF COIL 

The inductance of the windings may be found by solving Eqs. 

(18) and (19) for B, and using it to construct the flux linkage 

per unit current. Thus 

L 
2NwBo 

= I (Magnet Length). (emu) (22) 

The ac resistance of the conductors is found by finding the power 

loss of series connected conductors in a deep slot. For the 

main-ring magnets it seems reasonable to calculate this loss 
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assuming that the conductors are paired by twos in the layers 

of a deep slot. This calculation follows the reasoning of 

Appendix IV. See FN-111 for more detail. The conductor height 

is taken to be the average height of the inner and outer conduc- 

tor heights. If the result of this calculation yields the resis- 

tance R, then the ac impedance of the magnet is 

z = R + jwL, (25) 

The inductance, of course, will have an imaginary part and contri- 

bute to the actual resistance seen between the coil terminals. 

NUMERICAL RESULTS 

The relations necessary to solve Eqs. (18) and (19) have 

been coded for the CDC 6600 in a program HITRANS which yields 

basically Ho/I and Be/I for various frequencies and assumed per- 

meabilities. The results are almost independent of the permea- 

bility which attests to the fact that the effects of eddy currents 

in the conductors and the vacuum chamber dominate over the eddy 

current effects in the magnet laminations. A reasonable choice 

of permeability might be the value giving the observed AMPFAC. 

If T(0) designates the transfer function for dc, then 

AMPFAC = 2'-N limi7-i' (26) 

A second transfer function is produced from the T of Eq. (22) 

by noting that every magnet coil is paralleled by a lo-ohm resistor. 

Thus the effective transfer function TE is 
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TE=&*T (27) 

Finally one should account for the capacitance of the coil to the 

yoke. The current passing into the capacitance is determined by 

the voltage to ground developed when the magnets are all connected 

in series and to the appropriate power supplies. A rough esti- 

mate of this effect using 12 power supplies and all identical 

magnets assuming . 065 ~.IF for each magnet shows that this effect 

on the transfer function may be neglected below 10,000 Hz. 

The attached computer output gives the transfer functions 

and ac impedances for the Bl and B2 magnets. The net bending 

for 378 Bl plus 396 B2 magnets is also given. A permeability 

of 3000 has been chosen since this gives approximately the 

observed AMPFAC. These numerical results are depicted graphic- 

ally in Figs. (4-8). 

ADDITIONAL CONSIDERATIONS 

No account has been taken of hysteresis effects in the iron. 

This is considered justifiable if one has apriori knowledge that 

a frequency synthesis produces a monotonically varying function 

of time. If, however, one is interested in the response to a 

ripple frequency that might be present in the power supply, one 

should take into account the resistance added to the ac impedance 

by this power loss. The effect probably is small since the resis- 

tance contribution from the vacuum chamber is larger than that 

of the eddy currents in the laminations. 
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Finally, one should recognize that the approximations 

inherent in the use of an equivalent magnetic circuit and in a 

deep slot ac resistance calculation lead to uncertainties in 

all the above estimates. Perhaps the results are accurate to 

about 30 percent. 
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APPENDIX I 
EDDY CURRENTS IN MAGNET LAMINATION 

Figure 2 gives more detail of the infinite lamination on 

which the eddy current calculation will be based. If x designates 

the coordinate orthogonal to y and z as shown in Figure 2, then 

only Bx is needed and is governed by 

Letting 

one has 

- - 47rpcjwBx = 0. 
az2 

(emu) 

BX 
= ~.IH cash AZ 

cash h; 
I 

(1) 

(2) 

(3) 

where 1-1 is the permeability of the iron, cr the conductivity of 

the iron, and 6 the lamination thickness. 

The only value of Bx that can be used in the equivalent 

magnetic circuit analysis is the average value. From Eq. (3) 

one has for the average flux density 

B =flp tanh A;. (4) 

Figure 3 indicates the manner in which the infinite slab 

calculations are to be utilized for laminations of finite extent. 

In particular, the net current flowing along the edge of the lam- 

ination is assumed to be that current flowing vertically in one 

half of the infinite lamination. Thus the current per unit 

length is 
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47riI = H-H(O) = H (1 - cosi +j . (emu) (5) 

Eliminating H between Eqs. (4) and (5) one arrives at 

II 
LEJ cash $1 

87~ sin A$ 
B. (emu) (6) 
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APPENDIX II 
CURRENT FLOW IN THIN SHEETS 

Figures lc and Id indicate the spatial relationships for 

the present calculation. The only assumption made is that the 

conducting sheet is sufficiently thin that the induced electric 

field does not vary throughout its thickness. For the vacuum 

chamber wall thickness of interest this means that the frequencies 

must be less than 100 kHz. 

A gauge for which V-A = 0 is used for the vector potential. 

Then As(x,y) is adequate for the description of the fields. Thus 

Es = -jwAs. (emu) (1) 

Hence, the current density 

Jz = oE = -jwoA 2 2' (emu) 

where 0 is the conductivity of the sheet. Hence, if ic designates 

the current flowing in the sheet per cm and d is the thickness one 

has 

i 
C 

= Jsd = -jwodAs. (emu) (3) 

Letting s = ad the surface conductivity and 

U(x,y) = -AZ(x,y) (emu) (4) 

the flux function, one has 

i ,(x,y) = jusU(x,y) l (emu) (5) 
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EDDY CURRENT FIELDS FROM RECTANGULAR CHAMBER 
IN IDEAL DIPOLE MAGNET 

An idealized calculation is made of the gap field in Fig. 

1. The conductors are replaced by a sheet current I placed 

against the side wall of a window frame magnet of aperture 2a 

and gap 2h. Permeability of iron is assumed infinite. In order 

to utilize this calculation in the main text, the current I is 

expressed in terms of the central field Ho. 

By superposition of elementary solutions of Laplace's 

equation one may choose 

Wx,y) = 4nI 1 Cn cash Q,x sin Q,y 

for the scalar potential function and 

Wx,y) = 47~1 1 C n sinh Q,s cos Q,y 

for the flux function. From Eq. (1) or Eq. (2) one has 

H,(x,y) = 41~1 1 QnCn sinh Q,s sin Q,y 

and 

Hy (X/Y) = 41~1 1 QnCn cash Qnx cos Q,y. 

At Y = h the boundary condition is 

Hx (x,h) = 4riC(x,h), 

which from Appendix II gives 

(1) 

(2) 

13) 

(4) 

(5) 

1 C,!Q t n sin Q,h - 4?rjws cos Q,hi sinh Q,x = 0. (6) 

Eq. (6) may be satisfied if Q, is the solution 

Q, tan Q,h = 4Tjws. (7) 
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At x = a the boundary condition is 

Hy(a,y) = q - 4ric(afy), 

which from Appendix I gives 

cash Q,a + 4njws sinh Q al 1 
nI 

cos Q,y = 2h . 

(8) 

(9) 

The functions cos Q,y form an orthogonal set since the Q, satisfy 

Eq. (7). Therefore, 

'n n cash Q,a + 4Tjws sinh Q,a 
sin2Qnh 1 sinQ,h 

2Q,h = ii l Q,h l (10) 

This expression for Cn formally completes the solution. One 
IL 

desires, however, to eliminate the current 

in terms of the central field. Thus, from 

HO 
= 4~rI c Q C n n' 

I by expressing it 

Eq. (4) 

(11) 

In the main text it is shown that the following expressions are 

needed. 

I" 

\ 
V(a,h) + 4njws U(a,y)dy = Ho 

+ 2Q,h // 

0 C QnCn ' 

and 

Hy(a,h) I- 4vjwsU(a,h) = 

(12) 

(13) 
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and 

c 
U(a,h) = Ho 

Cn sinh Q,a cos Q,h 

l C  Qn Cn 

(14) 

Thus given Q, as the solution of Eq. (7) and Cn from Eq. (10) the 

desired expressions are seen to be expressed in terms of Ho the 

central field. 
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APPENDIX IV 
FIELD IN DIPOLE MAGNET WITHIN CONDUCTORS IN GAP 

An ideal situation is envisaged in which the magnet poles 

have infinite permeability, zero conductivity, and extend to 

infinity. Although easily modified for other cases, it is 

further assumed that only one layer of conductors exists between 

the median plane and the pole. 

If the conductors are counted with the index n, n = 1 being 

the conductor beginning at the edge of the vacuum chamber (removed), 

then 

H 
Yn 

= An sinh Px + Bn cash Px, (1) 

where x = 0 at the left hand edge of each conductor of the right 

hand coil. Reasoning similar to that of Appendix I gives 

P2 = 4rrjw0, (2) 

where c is the conductivity of the copper. Further, let c be 

the horizontal width of each conductor. 

Continuity of H Y between conductors gives 

Hy,n+l (0) = Hyln(c) (3) 

or 

B n+l = An sinh PC + Bn cash PC. (4) 

The ampere integral around the nth conductor gives 

Hyn (0) - Hyn(c) = F, (emu) (5) 

or 

Bn - An sinh PC 4~1 - Bn cash PC = 7 . (emu) (6) 
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Equations (4) and (6) may be solved in terms of Bl which in turn 

is the magnetic field in the aperture at the beginning of the 

conductors. Thus 

An sinh PC = -Tin-(n-1) cash PC] - (cash PC-~) Bl (7) 

and 

Bn = -F (n-l) I- Bl. (8) 

Of course, Bl would, in turn be related to I by a simple ampere 

integral around all the conductors. The intention, however, is 

to utilize the magnetic fields within the conductor as one com- 

ponent in a magnetic circuit. Hence B1 and I are intentionally 

separated. 
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FIG. 82 INFINITE SLAB LAMINATION - 
EDGE VIEW, MAGNETIC FIELD IS 
DIRECTED UP OUT OF PAPER 
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FIG. 3 SEMI INFINITE SLAB LAMINATION 
EDGE VIEW  
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IRflN QFST . lCUOHY-.“Y I 112.07: VAC. CH. D’ST.lMUirr-CYIs75.500 PrQMFA3IL’TV (IF IQ3N 53001,: AM”FIC =I.3245 
1C TNPUCTANCFIHYI = .O’l’T ‘OIL RCSI~T.I~UCHU-IYJ - .772 CI'TL CnQVEQ ~ADIIJ~II~~I I .062S i+PShET LENGTHIINJ -239.00 
NP. TUQNS IN INNFP COIL = 4 INYE COIL WIOTHt IN I :: 1.046 IVYW CflTL HE!GHTfINJ = .7L2 I!JNEg COIL H3LEDIAY.fINJz .3 4c 
NP. TUQNS IN OUTFQ C3IL = 13 OUTER COIL YIOTHIIYI = I.096 OUTER COIL HEIGHTIIYl = .?22 OUTE,? COIL HOLESIAr.(INJ= .4 45 

161.QCDO 
165.?2”3 
17rl.Cc!?O 
175.0”?@ 
lPrl.O”Oc) 
1~5.00”‘1 
19r].c!~flO 
195.a!-!ur! 
200.00’13 

HAGNFT ALGNF MAGNET WITH l@ OHMS 
TRbYSr’Q FCT. 

iGAUSS/4Wl lr)FGRE’t I 

0 .a330 
-.4341 
-.PGlil 

-1.2S7? 
-1.7015 
-2.10'~ 
-2.5231 
-2.P97' 
-3.2751 
-3.65 31 
-4.7273 
-4 .:"a5 
-4.76-f@ 
-5.134; 
-5.5055 
-5.QF53 
-6.22O3 
-6.5-26 
-6.9554 
-7.31-s 
-7.6793 
-R.C215 
-0 .q3li 
-8.7G l? 
-1.02 17 
-q.r(s15 
-9.Q415 

-13.P”l 
-10.~5 71 
-1o.q14r, 
-11.271’1 
-11.627’ 
-11.19 34 
-12.33”3 
-1z.fiss 
-13.G4C2 
-13.3QO1 
-13.7511 
-14.1022 
-1S.4526 
-1O.PO22 

.fln73 

.OZQb 
.a745 
.lYY3 
-2423 
.34u7 
.4499 
.5533 
.6521 
.7043 
.R315 
.3 12 1 
-9673 

1.0579 
1.1246 
1 .slSR 1 
1.2490 
1.3082 
1.3655 
I.uzz? 
1 .U770 
1.5332 
1.5594 
1 .F437 
1.5993 
1.7553 
1.9118 
1.9699 
1.7266 
1 .9652 
2.04u5 
?.lCUI? 
2.165P 
2.?27P 
2.?O:l.8 
2.3546 
2.4194 
2.UF52 
2.5519 
2.6195 
2.6881 

AC TUPEDAN?~ 
IOWt4S) 

c.coou 
.2572 
.SUhlc 
.741(! 
.9579 

1.1564 
1.3383 
1.5053 
1 .fiFI2 
1.9ct34 
1.9432 
2.7853 
2.2192 
2.3438 
2.k779 
2.S363 
2.7335 
2.9605 
2.9672 
3.1136 
3.13'39 
3.7K59 
3.k91R 
3.6173 
3.7427 
3.3677 
3.9923 
4.1165 
4.71rrl7 
C-3635 
4.4861 
s.Gr)RZ 
4.7296 
2.9554 
u .971rr 
S.Cl@Yb 
5.2flRl 
5.3257 
5.4425 
5.5584 
5.6731; 

T?8WFEQ FCT. AC IMPEDANCE 
IGAU;S/AUP) IDEGPEESI ( OHMS I 

3.9373 o.cc.ic .0373 
3.92@7 -1.9c4c -3’11 
3.l34rc -3.7416 .3?85 
3.Ph77 -5.4632 .1934 
3.8234 -7.3446 .3?12 
3.7754 -8. e52 -4525 
3.72b9 -4.7995 .5?b9 
3.6798 -1l.Ol3u -7133 
3.6353 -12.1395 .a351 
3.5936 -13.2071 .Y497 
3.5547 -14.2291 1.3573 
3.2183 -15.2178 1.1586 
3.uu40 -1t.lRl9 1.2551 
3."516 -17.1275 1.3472 
3. 736 -Ja.c589 1.4’159 
3.1937 -1e.97:7 1.522G 
3.3518 -34.8807 1.6361 
3.3335 -2c.7xo 1.6687 
3.3357 -21.6829 1.7701 
3.276'1 -22.5677 1 .a507 
3.2513 -23.SqltJ 1 .9356 
3.2744 -24.3126 2.c101 
3.1377 -25.1723 Z-u691 
3.1713 -26.0235 2.1679 
3.1444 -2fi.@646 2.2463 
3.1178 -27.6?66 2.3244 
3.3912 -28.5168 2.4322 
3.2646 -2q.33;9 2.U776 
3.3361 -30.1326 2.5566 
3.2115 -33.9238 2.E333 
2.?95? -31.7343 2.7034 
2.9585 -32.Q739 2.7853 
2.9321 -33.2326 2.e599 
2.9c57 -3.3.93>1 2.?343 
2.8793 -34.7166 3.0379 
2.6531 -35.Y418 3 .oeoa 
2.P263 -36.1559 3.1529 
2.FCJB -3fl.escie 3.2242 
2.7749 -37.5526 3.2946 
2.7491 -38.2314 3.3640 
2.7234 - 36.031 1 3.2326 

O.C3C” 
.255c 
.4977 
.715t 
-9952 

1.9673 
1.25j5 
1.324 7 
1 .Y293 
1 .5232 
1..5;03 
1.6EYt 
1.7655 
1.a39.. 
1.907:. 
1 .!I74 c 
2.237' 
2.1323 
2.1631 
2.2216 
2.2778 
2.3319 
2.3R37 
2.4333 
2.46?& 
2.5255 
2.5631 
2.6za4 
2.6464 
2.6F22 
2.7156 
2.7r69 
2.7753 
2.8Q29 
2.8278 
2.8596 
2.8715 
2.8995 
2.9077 
2.4231 
2.9366 



TAANSFra FlJ~!CTII?l< FCR N=T QEKn?VG 'RCM 378 Rl PLUS '596 92 MPGtvET'Z 

FRFQ 
IHZ) 

lCO.OF’31 
165.3:co 
1?1.@7JO 
175.GSclO 
1aq.07’10 
lPS.O?CC 
191.c330 
195 .ooflcl 
7C7.0@33 

19. “7’9 
lP.Wl!l 
1e,41;,* 
1a.47sa 
10. US”4 
lQ.44?i 
lQ.42!ll 
lR.39c.3 
I*. 37 23 
IQ. ‘uuq 
10. 31 ‘!5 
lS.?QlR 
1 P. 26 119 
IF, 23~m 
1F. 11 “5 
IP. 107’” 
1Q. 15Cl 
1p. 17ca 
1P. “?“7 
le. OFT 
1”. 3391 
lP.TT 
17.17Pl 
17. Y4C5 
17. II 4’ 
l?. es 1’ 
17.8475 
17. ei -0 
17.7777 
17.74 lr, 
17.7300 
17.6fi7' 
l '.c?en 
17.5007 
17.5409 
17.5oa7 
17.467? 
17.4251 
17.3a31 
17.33s-f 
17.2955 

-1.7Jb4 
-2.2511 
-2 .PclC_z 
-3.3415 
-3.R57F 
-4.3~52 
-4*QO53 
-5.3qQ” 
-5.SQ71 
-6 .JOT 
-6.“*cU 
-7.3CG9 
-7.8517 
-8.3323 
-9.811” 
-D.ZROQ 
-9.7fiFZ 

-10.2412 
-10.7147 
-11.197;: 
-11.6570 
-12.1275 
-12.595a 
-13. UK F 
-13.57@1 
-13.¶“21 
-14.4544 
-14.015? 
-is.3744 
-15.P310 
-16.2975 
-1fi.7410 
-17.1734 
-17.6435 
-1R.cl916 
-18.5377 
-19.9s la 
-19. 237 

.0051 
-3144 
.04l:: 
-0823 
.I 344 

1936 
L567 
-3212 
-3855 
. 4UR5 
.53?8 
-5692 
.62&F, 
-6827 
-7363 
.7889 
-9403 
.R907 
-9404 
-9895 

1.9382 
1 .lR67 
1 -1350 
l.IP33 
1.7316 
1.2802 
1 .32RY 
1.3783 
1 .4275 
1.4773 
1.5277 
1.5784 
1 .“2¶7 
1 .F615 
1.7338 
1.78fiE 
1.~400 
1 .a939 
1.9484 
2 -0033 
2 -0588 

0 .Crlrll 16.4915 Ll.GCGC .0351 
.1747 18.YFZd -l-P641 -0183 
.34Sf. 18.‘772 -3.6858 -2562 
-509-t 18.2471 -5.4 323 .llSC 
.Sh53 lF.iiR44 -7.3351 .1?61 
-9111 17.9ClS -A.b 399 -2666 
-9482 17.7”,84 -1C.1315 -3516 

1 .0773 17.5122 -11.4799 -4376 
1.1995 17.3175 -12.7?65 .5%28 
1.3158 17.17F9 -14.0324 .ECCl 
1.4274 lb.9416 -15.2276 -6172 
1.5350 16.7FZl -16 3332 . .7fi59 
1.6394 16.‘?83 -17.4971 -2422 
1.7412 16.4199 -18.5838 .916U 
1.9408 16.2’62 -19.6446 .?@66 
1.93P6 lb.!!?&9 -2iJ.F?3C 1.9590 
2.13U8 15.9411 -21.7C16 1 .I250 
2.1247 15.7986 -22.7326 1.1956 
2.2235 15.6367 -23.6473 1.2620 
2.3162 15.4911 -24.6571 1.3274 
2.YrrPl 15.3454 -25.E,128 1.3919 
2.4991 15.2313 -26.5551 1.4555 
2.5893 15.3585 -27.4143 1.5184 
2.6787 14.9169 -28.4OilB 1 .5 856 
2.7674 14.77h3 -29.3049 1.6421 
2 .R554 14.6366 -30.1?65 1.7329 
2 -9427 14.4976 -3i.376a 1.7631 
3.7292 14.3594 -31.?432 1 .A226 
J.lIS> 14.2715 -32.7383 1.8816 
3.7cl::1 14.715: -33.Kr12 1.9338 
3.7PU5 13.94aa -34.4715 1.0974 
3.36Fl 13.@132 -35.21~6 2 -054 3 
3.4509 13.E784 -36.??71 2.1105 
3.5329 13.5443 -36.e915 2.1660 
3.6lUI 13.4113 -37.E,739 2 -2’07 
3.69Uh 13.27:4 -38.0442 2.2747 
3.7741 13.1467 -39.2026 2.3279 
S.RSZY 13.0159 -39.9r92 2.3804 
3.93rlR 12.P960 -4G.6839 2.4323 
4 -3079 12.7570 -41.4G69 2.4628 
4 -0839 12.6291 -42.1184 2.5328 

MAG;rET WITH 10 OHMS 
TDAN'FER FCT. 

IEEGPEESI 
PC I MoEDANCE 

IKOHHS) 

o.c30:; 
. 174 ,: 
-3411 
-4963 
-636” 
-7625 
-8742 
-973 3 

1.0634 
1.1quri 
1.2lat. 
1.2667 
1.35Cl 
1.4:93 
1.464s? 
1.5172 
1.5667 
1.613E 
1.658~ 
1.75[11 
1.7402 
1.777.E 
1.8136 
1 .a473 
i -8792 
1.8092 
1.9374 
1.963E 
i .9e85 
2.i3114 
2.0326 
2.3525 
2.0707 
2.0873 
2.1325 
2.1163 
2.12eb 
2.1399 
2.149t 
2.1585 
2.166:: 



1 RANOFER FUNClfON R:TiiFN FIFLO nN0 CUQDCNT IN MAIN RING BENOING MAGNEi  (91) 

CAOfIN’) ; 1.5m APECIINI 3 5.:GJ PCLF w?OTw’(IN) = P.!jOCl YOKE YIOTH(Ih) =25.253 
YCKE HFIGHTf IN) Z14.7’7 YOKE THICKNESqf IN I S  5.003 LA”!NATTCV Tl’ICKNESS(I’!~= .0615 VAC. CHAMS. THICK.(INJ) = .I53 
TRON OFSiT. (NUOHU-?+l l  =It.flg? VAC. CH. “FST.IMUOrK-t~)-75.533 ‘rDMFAqILITY bF IQCN -3000.0 AMPFAC =l.C.i56 
Or TN~lJCTAYCFtHY) z .0061 f0IL 9=5I~T.fwJGt+M-INI 5 .772 PCIL COQNER 7AOIU~IINI = . 0625 NAGhE LEhGTHIIN) IZ3U. 30 
NF. TU?NO IV IMNFQ COIL = 4 INN!?? COIL WIVTHfINt Z 1.113 I’!NFY COIL HEIGHT(INl Z .67a Ifi~i7 cork HCLF~~AM.(~NI= .343 
NC. TURNS TN OUTEQ COIL = Q  OUTER COIL WIOTHIIN) - 1.596 OUTF9 CCIL HEIGHTtIN) 5 .?2Z CIJTEI~ COIL HCLEDIAK.(INl= .X43 

MAGNET ALONF 
TRfiUSFFP FCT. AC THDEDAYC= 

It&USS/At'?l IPECQEF~ I fCHHS) 

D.OG71 
-Z?.F?SU 
-6 1 .F,q 14 
4 G.5207 
-77.4213 
-85.76fO 
-92.5773 
-9Q,34r,3 

-103.3551 
-107.7731 
-111.7.394 
-115.2375 
-1lA.Ylrll 
-121.2~~2 
-123.R37r1 
-126.1471; 
-129.21-3 
-130.07i~3 
-13 1.7170 
-113.1739 
-134.4543 
-135.57ni 
-136.5339 
-137.3541 
-13s.0435 
-13 e .r,CT 
- 13 9. or IT, 
-13Q.40”3 
-13~.6S?F, 
-137.R173 
-13Q.8?47 
-139.P?C’ 
-139.8301 
-137.7011 
-1:7.5155 
-13Y.27a2 
-139.9’73 
-138.674Q 
-13*.31c5 
-137.9267 
-137.5095 

.OC59 0 .o!Jno 
3.3995 5.5972 
7 .,I994 7.4396 
9.7044 7.6969 

11.2247 7.5132 
12.3838 7.4251 
13.2648 7.3207 
13 .1656 7 .?580 
14 .5067 7.2225 
15.1596 7.?017 
15.6613 7.1E65 
16.121P 7.1717 
16.546P 7.1544 
16 .¶404 7.1332 
17.3053 7.1380 
17 .:L14,: 7.'7792 
17.3584 7.3476 
18.2504 7.n141 
19.5219 6.9797 
18.7745 6.9453 
19.3098 6.9116 
13 -2294 6.3793 
13 .cr 34 7 6.84'30 
19.6271 6.4710 
19.3074 6.7958 
19.97Rl 6.7736 
23.133G 6.7545 
23.291c 6.7387 
2&l .q 36 5 6.7260 
23.5745 6.7166 
20.7073 6.71G4 
?J.q345 6.7073 
2ii.9571 6.7071 
il.0755 6.7097 
21.1904 6.7151 
21.3011 6.7229 
21.4 103 6.7332 
21.5174 6.7457 
21 .6217 6.7612 
21.7241 6.7766 
21.8249 6.7948 

MAGNET 
TRAY’?FER FCT. 

fGAtl5S/AM’B tOEisEE5) 

3.9336 O.OOiiC 
2.3891 -52.5412 
1.47t1 -75.2218 
1.3131 -PP.OlbY 

* 7579 -?7.1235 
-5,311 -1!l4.1?63 
-4763 -110.143c 
-3123 -115.2989 
.7?P3 -119.8462 
-2765 -l23.“C31 
-2387 -127.527; 
.2Ch4 -13d.7912 
-1798 -133.7033 
-1576 -136.3253 
.1193 -13E.6766 
.1232 -040.7791 
.1x99 -142.fi542 
.C'362 -144.32131 
-5892 -145.7933 
-3796 -l47.:RE6 
-0725 
.I3654 
.a536 
-5545 
."499 
-0459 
-3423 
.x301 
.G3E3 
-3337 
-0314 
.079K 
.0274 
-3257 
-324.2 
.CJ228 
. 3215 

-148.2193 
-149.1378 
-150.335q 
-155.7424 
-151.3286 
- l51.@33C 
-152.1742 
-152.4532 
-152.63@5 
-152.7463 
-152.7334 
-152.7472 
-152.6527 
-152.5.:28 
-152.3928 
-152.9579 
-151.7729 

-3233 -151.4522 
-0192 -151.1CJ3 
.OlH2 -150.7209 
.a173 -150.3177 

WITH 10 OHMS 
AC IMPEDANCE 

(OHMS) 

.a059 
3.6USO 
5 .C847 
5.5096 
5 -8236 
5.9791 
6 .C931 
6.1853 
6.2636 
6 -3320 
6.3925 
6 -4466 
6 -4950 
6.5385 
6.5778 
6.6132 
6 -6453 
6.6744 
6.7013 
6.7253 
6.7477 
6.7G83 
6 .7R79 
6.8CSl 
6.8218 
5.6774 
6.e:Zl 
6.8651 
6.8794 
6.8922 
6.9345 
6.9163 
6.9276 
6 -1399 
6.3497 
6 -0,603 
6 -9707 
6.9609 
6.9059 
7.0036 
7 .SlC5 

O.OSOO 
2.6523 
2.1374 
1.7159 
1.4PSS 
1.327:~ 
1.2206 
1 .I436 
l-G832 
1.035i 

-3932 
-9563 
-9231 
.a926 
-864 P 
-839 :: 
.BlSi, 
-792 7 
-772 :: 
-752 7 
-734 F 
-7182 
.7n,:t 
-6684 
-6751 
-662 1 
-6512 
.64’13 
-6305 
-6212 
.612i 
.634 4 
-596 9 
-5897 
-583 1 
-5768 
.570(! 

I 
lu 
co 

I 



TRANS-=-Q Fllw’rTTON q’TWFC”d FIcL n AND ‘-UPQFNT IN w4IY DING BENDING HAGNETIQZI 

GAPfIN) I: ‘.flc” aPEG 5 4.003 POL’ ‘YTDTt’lIN) = 7.500 YOKE UIDTH~INI -25.250 
YCUF HFItUTl IN) -14.7v YCYE THICK’!FSSI IN I 5 4.753 LLMTNATICN lHICKNE~S(I~!~~ .0615 VAC. CHPHS. THICK.(INt - .use 
IQON QEST,1HIJCHM-C’+J =lt.On VbC. CH. orST.lrflJOuM-fy)_-75.507 P’Qu’blILTTY OF Ilf’h! -3C110.7 AM?FFE.C =1.3:45 
DC IN~UCTANPFIHYI = . ma7 COIL RESI~T.~MU~HM-INI z .7?2 Cf’TL CODNER ~AOIUCIINl 1: .0625 K4GhET LENGTHfIhr) 1233.33 
NO. TURNS IN INNE” COIL - 4 INNER COIL WIDTHtIN = 1.096 I?!Y’R COTL HEIGHTIIN) - .922 INhi? COIL HCLEOIbM.tIN)= -340 

NO. TURNS IN OUTFR COIL = 1’ CUTER COIL Y:nTH(INl Z 1.396 OUTER COIL HEIGHTfHYI = -922 OUT;? COIL HCLEDI4r.~It~!)= .r( 45 

7,ou1’) 

3.7772 
7.7n a-? 
?.04T 
2.4377 
2.097 
1.923? 
I.F1n7 
l.LllQ? 
1.2577 
1.1416 
l.!J?U7 

. ?I( 77 

.PF4’) 
-7967 
.?3<7 
. F9 ?U 
.53&S 
. 5947 
.557x 
. 57 37 
.4934 

. 37 07 
. 36 1G 
.3457 
. 33 s- 
, f 1 7 2 
.3rlUQ 
.29 31 
.:a 2’ 
* 77 71 
.26?7 
. 2539 
.74+: 
-23-V 
-27% 
. 22 39 

3.001;1 
-18.24SQ 
-.3 3 . F 2 16 
-45.6263 
-54.7720 
-Fl.S124 
-F7.3547 
-7 1.92 34 
-75.5044 
-7a.5ari4 
-?1.2131 
-33.4674 
-P5.4lS4 
-P7.1lPQ 
-118 -5071 
-F9.9G7~ 
-7 1.e2 1’ 
-9Z.U3”3 
-92.9121 
-93.5741 
-9 4 -3 3 76 
-34.4131 
-?5.4101 
-95.s3co 
-96.2011 
-06.5ilQ4 
-9 5.76 70 
-9” *!D 21 

-97.15c7 
-37.20’5 
-?l. 053 
-37.49c* 
-97.5442 
-97.E.QO5 
-Q?.59P2 
-97.590; 
-97.547c 
-97.5621 
-97.52F7 
-3 7.4Q 22 
97.42W 

-no73 O.CO70 
3.4214 6.76.9? 
7.7972 10.5530 

11.7191 12.nno1 
14 -9636 12.na39 
17.3620 Il.8452 
lY.1327 II.3426 
23.4681 lO.QZSR 
21.504n 10.34p.7 
22.3307 9.927n 
23.5075 9.5607 
23.5742 9 -2448 
24 -057~ 8.9731 
24.4771 8.7395 
24 .R45” 8.5389 
25.1736 8.3Efi9 
25. 667 8.2198 
25 -7363 8.!JY47 
25.9812 7 -9689 
26 -2072 7 .QCP4 
26.4174 7.9273 
26.6143 7.7680 
26. iJOCO 7.7217 
26 .?763 7 .hF55 
27.1447 7.6539 
27.30F6 7.6433 
27 .Y62? 7 -6349 
27.6147 7.6357 
27.7627 7.G3Yl 
27 -9076 7.6523 
Ld .;15C3 7.fic.66 
29.1903 7.r;a74 
2a .321’! 7.7124 
2a -4663 7.74OP 
28 -6026 7.7724 
28.7381 7.9067 
28.8729 7.8433 
29 .;1073 7.af314 
29.1414 7 -9222 
29.2752 7.8639 
29.408’3 8.006(1 

MAGNET WITH 10 OHMS 
TRAh”;FEP FCT. 

lGAIJSC/A~Pl IOECQEESI 

3.9373 O.OGJC 
2.4773 -45.c1175 
1.5995 -64.3194 
1.1483 -74.6GUC 

.e770 -8O.c636 

. 7C33 -85.3139 
-5833 -E&3.741 8 
. 4951 -91.5183 
-4’79 -93.8434 
-3759 -95.4337 
-3323 -97.5623 
-2973 -99.3778 
.2Gb3 -100. 146 
-2433 ----IL,1 ;sss 1 
-2221 -1c2.647a 
.2C37 -1c3.5794 
-1878 -134.4x1 
-1738 -105.1391 
.1614 -305.7879 
.15Ll5 -1rlF.36lC 
.lSC7 -1OF.F662 
.I319 -1c7.3133 
.I?42 -1C7.6393 
.llC9 - lCR.S3@9 
.llC4 -1OP.3341 
.I045 -1aa 569G . A 
.3?92 -lza.8;94 
-7947 -1?8.?373 
.0698 
-0956 
.P818 
.7783 
.075:? 
-3720 
.Q692 
.OGGi 
.3C41 
.C618 
.G596 
. 0576 
. 0557 

-1C9.1560, 
-1UY.2312 
-109.4O30 
-1c9.494fl 
-1;9.5669 
-1J9.6274 
-1il9.6721 
-159.7546 
-109.7Lb6 
-1oq.739 1 
-109.7436 
-109.7409 
-139.7321 

AC I MPEOANCE 
(OHMS) 

.i1373 o.oeo I 
4.i611 2.9951 
s-a455 2.4624 
6.4761 1.9436 
6.7668 1.57ca 
6 -9264 1.3216 
7 -0239 1.047:: 
7 .C¶ri6 1 -Cl92 
7.1400 -922 3 
7.1787 -6464 
7.2133 .7a54 
7.2370 -7355 
7 -2632 .6935 
7 -2807 .F587 
7 -2990 .62e t. 
7.3157 -6025 
7.3309 .57Y’: 
7.3451 .563L 
7.3584 -5425 
7.3739 -5263 
7.3P26 -513 1 
7.3942 .5OC7 
7.4s51 .429i 
7.4157 -4736 
7.4261 -4705 
7 -4 362 -4625 
7 .k4FL .454 L 
7.4556 -44 7 i 
7 -4654 -4415 
7 .q 74 9 .435F 
7.4843 -4301 
7.Q337 .c24 9 
7 -50313 -4201 
7.5122 -415: 
7.5214 . lli 
7.5336 .4”6 i 
7.5397 -422; 
7.5457 .3?3c 
7 -5578 -395 L. 
7.5667 .3911 
7 -5757 -3875 



TRANSFFQ FUNrl :CN FOR NFT REfI[IINC FRf'M 378 Rl PLUS 396 EI2 MAGNETS 

UAtN'T ALON= YAGNET WITH 13 OHMS 
TRANCFFR FCT. AC T""T' lANCF 'QANCFEO FCT. AC IYPEE!AF;CE 

(Kc-Ml/Af'D (n:GRE'S 1 IKOHM*S) (KG-M)/AYD (OEG?EES 1 IKOHHS) 

lQ.5O?Q 
1’. a”:‘3 

14.0771 
11. 57 27 

9. c.9KG 
P.0717 
6. RR c7 
c.q4w 
+, ,qt;c 

4.57 0-i 
4. otiq4 
3.F4 11 
3.27m 
7. 9fi 71 
2.69QY 
2.46rl 
7’. 2643 
?.3RC9 
1.07”R 
I. 7a07 
l.FECl 
1. 55=;7 
1.4571 
1.3&a? 
1.2F “7 
1. 21 r;1 
1.15% 
1.091’ 
1.03m 

. qr( 75 

.941* 

. qo v7 

. Pfi ;‘4 

. ‘127’ 

.794r 

. TG4U 

. 73w 
71 n4 

:WFl 
. 66 3” 
.64 2’ 

O.Qilrl;l .1351 0.0070 
-23.7207 2.6401 4.7941 
-41.5937 5.7713 6.9912 
-*4.3ess 8.30911 7.fi615 
-r,l.ElQ? 10.1683 7.6875 
-71.x15 11.5564 7.4974 
-76.i(rrX 12.5 Y3F 7.2590 
-a1.5c15 13.3919 7.R3C5 
-e5.501’: 14 -0369 6.R782 
-c 4. R4 77 14 *5733 6.6533 
-91.695” 15 .fl3C9 b.Sfl25 
-04.15LF 1s -4294 6.3719 
-96.2737 15.7816 6.9577 
-VP.1053 1s .0964 6.1572 
-99.6°F2 16.3803 6.1687 

-101.04~3 16.5383 5.9R92 
-1.12.2113 iG.a739 5.911.7 
-123.2329 17.PVC2 5.R5FP 
-134.03R= 17 .zPVe 5.8019 
-134.73-3 17.4 74 e 5.7539 
-105.315” 17.6475 5.7122 
-135.7a 32 17.RORO 5.6765 
-1JG.lC33 17.9591 5.6465 
-106.4371 18.1317 S.K218 
-1C6.6445 16 .2367 5.~02I 
-1116.7049 18 -3651 5.5872 
-lCfi.OK:r? 18.4879 S.S756 
-106.99Cil 16.505F 5.5702 
-lCfi.“*n= 18.7190 5.5675 
-1:16.RZr- 18 .R287 5.4684 
-1Lls.73*: 18.9352 5.5725 
-136.6230 19.0389 5.5796 
-1Cf..4~4J 1’3.1401 5.5874 
-1ilG.3237 1’3.2392 5.fiOlG 
-1116.147’! 13.3366 5.6162 
-1rI5.95<4 13.4 325 5.6327 
-1i15.754’ 19.527:’ 5.6511 
-155.5443 19.6205 5.6711 
-135.3273 19.7130 5.5325 
-155.11153 :.9 .a047 5.7153 
-104.8901 19.8957 5.7391 

lP.4915 
11.4123 

7.1937 
5.0506 
3.p112 
3.0077 
2.4518 
2.0457 
1.7372 
1.4958 
1.3025 
1.1453 
1.3148 

.?J58 

.$I37 

.7352 

.f.677 
-6293 
-5565 
-514; 
. 4743 
. 4424 
. SD97 
-3824 
-3579 
-3360 
-3162 
-2983 
-2821 
.2r,7Y 
-2539 
-2416 
.73G4 
.2’3J 
-2134 
.ZZlK 
.I935 
-1855 
-1788 
.1723 
.I661 

Q.U’;.lG 
-48.624 3 
-60.4171 
-90.7281 
-PF.2<17 
-93.71172 
-98.3972 

-151.7311 
-1n4.eC25 
-1L17.4284 
-1d9.6963 
-111.6317 
-113.3372 
-114.74b7 
-115.9783 
-117.0262 
-117.9139 
-1lE.6SO9 
-119.2623 
-119.7596 
-120.1557 
-123.4623 
-12ll.FVJC 
-12G.8464 
-120.V459 
-lzu.97d5 
-12; 9392 . 
-120.9481 
-1Zii.E730 
-120.7b.39 
-12G.6434 
-120.4?14 
-123.3256 
-120.14bl 
-119.9556 
-119.7566 
-119.5511 
-119.3411 
-119.1279 
-118.9131 
-118.6978 

.cos 1 
2.8860 
4 -2369 
4.6812 
4.8819 
5 .i1030 
5.0847 
5.1459 
5.1951 
5.2362 
5.2717 
5 -3327 
5 -3312 
5 -3547 
5.3768 
S -3968 
5.u153 
5.4316 
5.4469 
5.4611 
5.4742 
5.4855 
5.49a 1 
5 .SO?C 
5.5193 
5.52?2 
5.5387 
5.5479 
5.5567 
5.5653 
5.5737 
5.5819 
5.5899 
5.5977 
5.6555 
5.6131 
5 -6236 
5.6281 
5.6354 
5 -6427 
5.6500 

0.300 J 
2.188L- 
1.7831 
1.4183 
l-IF35 
l.CZSZ 

.VlSL 
-835 9 
-7749 
.‘I264 
.6e6 5 
.652C 
-5237 
-5983 
-5758 
-5557 
.5377 
.s214 
-506 0 
-4937 
-481 I: 
-4696 
-4595 
.4511 
-4415 
-433:. 
-4262 
-4194 
-4132 
.4Ll7; 
.4313 
-3966 
-3920 
.3?75 
-3832 
-3791 
-3753 
.3716 
-3683 
-3646 
-3613 


